Purpose: To explore the neuroprotective effects and mechanisms of Apelin (APLN), and to study the regulation of APLN expression by microRNA (miRNA) in epilepsy. Materials and Methods: In vitro and in vivo epileptic models were established with hippocampal neurons and Wistar rats. Apoptosis of neurons was identified by flow cytometry. Western blotting was used to detect the expression of proteins, and quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) was used to analyze the expression of miRNA and messenger RNA (mRNA). Bioinformatics software was used to predict target genes of miRNA, which were confirmed by dual-luciferase reporter gene system and functional experiments. Results: Our study demonstrated protective effects of APLN against neuronal death in epilepsy both in vitro and in vivo. The underlying mechanisms involved are inhibiting the expression of metabotropic glutamate receptor 1 (mGluR1), Bax, and caspase-3; promoting the expression of Bcl-2; and increasing phosphorylated-AKT (p-AKT) levels in neurons. For the first time, we found that miR-182 could negatively regulate both transcriptional and translational levels of APLN, and that the up-regulation of miR-182 inhibited the expression of APLN and Bcl-2, and promoted the expression of Bax and caspase-3. Conclusion: APLN could protect the neurons from injury in epilepsy by regulating the expression of apoptosis-associated proteins and mGluR1 and increasing p-AKT levels, which were attenuated by miR-182. Hence, miR-182/APLN may be potential targets for epilepsy control and treatment.
Introduction
Epilepsy is a chronic and often progressive neurological disorder characterized by the recurrent, periodic, and unpredictable occurrence of epileptic seizures that affects 50-70 million people globally. 1, 2 Epilepsy is the most frequently occurring neurodegenerative disease after stroke; according to epidemiological studies, approximately 70-80% of patients with epilepsy achieve remission, and approximately 30% of these patients are refractory to medical treatment, show progressive cognitive impairment, and may require neurosurgical resection of the epileptic focus to alleviate seizure recurrence. 1, 3 Although the imbalance between excitatory and inhibitory pathways within the central nervous system may contribute to epileptogenesis, the underlying etiology and mechanisms still remain elusive. 2 Over the past decade, the critical role of brain inflammation in epilepsy was highlighted. 2 Increased levels of pro-inflammatory cytokines [eg, interleukin-1b (IL-1b), tumor necrosis factor-α (TNF-α), high-mobility group box protein 1 (HMGB1), S100b] and downstream inflammatory mediators (eg, prostaglandins and the complement system) have been documented in epileptogenic tissues obtained from patients with different epilepsy etiologies. 2 Trauma, stroke, and infection are all related to epileptic seizures via brain inflammation. 4 Inflammatory responses inducing neuronal death were demonstrated by a previous study, 5 which play a crucial role in the pathogenesis and recurrence of epilepsy. 6, 7 Furthermore, excitotoxicity, 6 ischemia/hypoxia, 8 oxidative stress, 1 and changes in blood-brain barrier function 9 contribute to the neuronal death in epilepsy. Reducing neuronal death could alleviate pentylenetetrazol (PTZ)- 10 and kainic acid-induced 11 seizures. Hence, protecting neurons from death is a potential target for epilepsy control and treatment.
Apelin (APLN) is an endogenous neuropeptide and was initially isolated from bovine stomach, which is a native ligand of the Apelin (APJ) receptor. 12 Some studies have found that APLN peptides could alter blood pressure, feeding behavior, and pituitary hormone release. 12 APLN was reported to mediate neuroprotective effects by regulating ischemia-reperfusion injury, oxidative stress, autophagy, and neuronal apoptosis. [13] [14] [15] [16] APLN-13 could protect rat primary cortical glia-neuron co-culture against PTZ-induced toxicity 17 and have anticonvulsive and neuroprotective effects against PTZinduced seizure in rats. 18 MicroRNAs are involved in post-transcriptional regulation of gene expression in multicellular organisms by affecting both the stability and translation of messenger RNAs (mRNAs). 19 Although certain miRNAs that could regulate the expression of APLN gene were reported in previous studies, 20,21 the mechanism by which miRNAs regulate APLN gene expression in epilepsy is not clear.
In this study, we confirmed that APLN could protect the hippocampal neurons from apoptosis in epilepsy. The underlying mechanisms involved are inhibiting the expression of pro-apoptosis proteins and metabotropic glutamate receptors (mGluR1) and increasing the expression of anti-apoptosis protein and p-AKT levels. For the first time, we found that miR-182 could negatively regulate the expression of APLN gene and that the up-regulation of miR-182 could attenuate the neuroprotective effects of APLN.
Materials and Methods

Animals and Cell Lines
Female Wistar rats (8-10-week-old) were purchased from Beijing Charles River Laboratory (SCXC-2016) and housed in specific pathogen-free conditions at the First Hospital Animal Center of Jilin University. All animal experiments were approved by the Animal Ethical committee of First Hospital of Jilin University and according to the China Laboratory Animal-Guideline for ethical review of animal welfare (GB/T 35892-2018). E18 rat primary hippocampal neurons were purchased from KangLang Biotechnology (Shanghai, China).
Experimental Reagents
We purchased neuron culture medium and nerve growth factors from Sciencell (California, USA); MiR-182, U6, APLN, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) forward and reverse primers from Comate Bioscience (Jilin, China); TRIzol and transipid transfer reaction from Invitrogen (California, USA); SYBR Green Mix Real-time PCR, TOYOBO ReverTra Ace ® qPCR from TOYOBO (Shanghai, China); DH5 α sensitive cell, endotoxin-free plasmid kit and RNA-free water purchased from Tiangen (Beijing, China); Dual-Luciferase report vector pmiR-RB REPORT from Ruibo (Guangzhou, China); Dual-luciferase reporter gene detection kit from Promega (Wisconsin, USA); fetal bovine serum, Opti MEM serumfree medium, and flow cytometry apoptosis detection kit from GBICO (New York, USA), Tuoran (Shanghai, China), and Kaiji Biology (Jiangsu, China), respectively; antibodies for APLN, Bax, Bcl-2, caspase-3, p-AKT, mGluR1, and βactin from Abcam (Shanghai, China); and goat anti-rabbit antibody from Proteintech (Wuhan, China).
Hippocampal Neurons of Epilepsy Models
Hippocampal neurons of epilepsy models were established with a low manganese solution. Maintenance medium was dropped after the hippocampal neurons were cultured for 14 days. Then, the neurons were treated with artificial cerebrospinal fluid containing low magnesium solution for 3 hrs to generate a low-magnesium model of epilepsy. After stimulation with low magnesium solution, the neurons were cultured in maintenance medium for an additional 20 hrs. Thereafter, the neurons were transfected with different vectors for subsequent experiments, and the protocol for these experiments is presented in Figure 1 . For the regulation of APLN expression, pBI-CMV3-APLN overexpression, short hairpin RNA negative control (shRNA-NC), or interference APLN shRNA plasmids were transfected into neurons. For the regulation of miR-182 expression, neurons were transfected with miR-182 mimics, miR-182 inhibitors, or miRNA negative control.
Epileptic Rat Model Establishment
Intraperitoneal injection of 1% pentylenetetrazol (PTZ) at a dose of 3.5 mL/kg was used to induce epilepsy in rats. Five hours after the injection, behavioral changes and spontaneous seizure occurrence were recorded. The intensity of seizures was assessed by Racine scoring (0-5 points), as follows: 22 stage 0, no response; stage 1, facial movements with vellication of ears and whiskers; stage 2, myoclonic jerks without rearing; stage 3, clonus of one forelimb; stage 4, rearing with bilateral forelimb clonus; stage 5, generalized tonic-clonic seizures.
Full rat kindling was achieved when the rats reached stage 4 or 5 seizures after 3 successive doses of PTZ. From the fourth day, PTZ injection was performed every other day to maintain kindled status. If epilepsy kindling was not achieved during the first 3 days, an additional dose of 10 mg/kg PTZ was injected to induce kindling every 10 min for a maximum of 4 times. After the animal model was established, the rats were randomly divided into four groups and treated with Lipofectamine 2000 with saline (control group) or different vectors [APLN overexpression (APLN up-regulation group), APLN shRNA (APLN down-regulation group), or miR-182 agomir (miR-182 up-regulation group)] every 3 days for 4 weeks. Subsequently, the rats were sacrificed, and the hippocampus tissues were isolated and preserved in liquid nitrogen for subsequent experiments.
Cell Transfection
Twenty-four hours before transfection, rat hippocampal neurons were seeded into a 6-well culture plate. Cell transfection was performed when the cell confluence area was 80-90%. Transfection was performed using FuGene HD transfection reagents according to the manufacturers' protocol. Culture medium containing 10% serum (150 μL), various vectors (4 μg), and FuGene HD (7.5 μL) was incubated for 15 min at room temperature. Culture medium was changed 24 hrs after transfection, and dead cells were removed.
Flow Cytometry Analysis
Twenty-four or 48 hrs after transfection, the neurons were washed twice with phosphate-buffered saline (PBS); subsequently, single-cell suspensions were prepared with a concentration of 1 × 10 6 cells/mL using 1× binding buffer. Cells (2×10 5 per tube) were stained using Annexin V and pyridinium iodide for 30 min at 4°C under dark environment.
Western Blotting
Cells were washed three times with cold PBS, and total protein was extracted using a radioimmunoprecipitation assay (RIPA) lysis buffer on ice; protein (10 μL) and protein loading buffer (10 μL) were mixed. Proteins were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto 0.22 mm polyvinylidene fluoride membrane using a semi-dry transfer cell. The following antibodies were used: anti-mGluR1, anti-p-AKT, anti-Bax, anti-caspase-3, anti-Bcl-2, and anti-β-actin antibodies. The protein bands were visualized using the enhanced chemiluminescence (ECL) detection kit on the ECL detection system.
Quantitative Reverse Transcriptase Polymerase Chain Reaction (qRT-PCR)
TRIzol and RNeasy kit with DNase I digestion were used to isolate total RNA according to the manufacturers' instructions. Reverse transcription reactions were performed using the TOYOBO ReverTra Ace ® qPCR Kit, and diluted cDNA was used for qRT-PCR analysis using SYBR Premix Ex Taq II Kit. For miRNA, stem-loop reverse transcription reactions were carried out, and the 2 −△Ct method was used to calculate the abundance of RNA genes relative to GAPDH or U6 expression. Sequences of reverse transcription primers and fluorescence quantitative primers are listed in Table 1 .
Dual-Luciferase Reporter Gene System
Hippocampal neurons were seeded into 24-well plates. After 24 hrs, the cells were contransfected with miR-182 mimics or mimic controls (Promega) along with APLN wide-type construct or the mutant version with Lipofectamine 2000 according to the manufacturer's protocol. The cells were cultured for 48 hrs after transfection; subsequently, the firefly and Renilla luciferase activities were quantified using the dualluciferase reporter assay system. The reporter activity of each well was expressed as the relative luciferase expression normalized to the Renilla activity.
Statistical Analysis
GraphPad Prism (version 7.0) was used to plot graphs and process data. Data were presented as mean ± standard errors of mean (SEM). One-way analysis of variance (ANOVA) with Scheffe post hoc test was used to find statistically significant differences among the studied groups. A two-tailed P-value <0.05 was considered statistically significant. 
Results
Protective Effect of APLN on Neuronal Injury in Epilepsy
Neuronal injury plays a pivotal role in the pathogenesis of epilepsy, and APLN was reported to be a protective peptide against neuronal injury. 17, 18 In this study, firstly, we confirmed the neuronal protective effect of APLN on the hippocampal neurons. Forty-eight hours after transfection, the apoptosis rate of neurons decreased significantly in the APLN overexpression group than in the APLN down-regulation and control groups (Figure 2A and B) . Interestingly, the neurons treated with APLN overexpression plasmid only showed early apoptosis, while those treated with control and APLN shRNA presented with both early and late apoptosis phases (Figure 2A ). Although the apoptosis of neurons in the APLN overexpression group decreased significantly, it was not significantly lower in the APLN low expression group than in the control group ( Figure 2B ).
Mechanisms of Neuroprotective Effect of APLN on Neurons with Epilepsy
Metabotropic glutamate receptors (mGluR), particularly mGluR1, play very important roles in neuronal injury and the occurrence of epilepsy. 23 We found that the up-regulation 
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(down-regulation) of APLN expression could significantly decrease (increase) mGluR1 expression ( Figure 3A and B) . Phosphorylated AKT was an important downstream signal molecule for APLN to play a neuroprotective effect. 24 Phosphorylated-AKT (p-AKT) levels were higher and lower in the up-regulation and down-regulation groups, respectively, than in the control group ( Figure 3A and C) .
Overexpression of APLN could up-regulate Bcl-2 expression, and down-regulate caspase-3 expression ( Figure 3A and D-F). Inhibiting APLN expression could down-regulate Bcl-2 expression and up-regulate caspase-3 and Bax expression ( Figure 3A and 3-F) . Furthermore, using the epilepsy rat model, we confirmed the above-mentioned phenomena ( Supplementary Figures 1 and 2) . Collectively, those results indicated that APLN could play its neuroprotective effects via inhibiting the expression of mGluR1 and pro-apoptosis proteins, promoting anti-apoptosis protein expression, and increasing p-AKT levels in neurons.
APLN Is a Target Gene for miR-182
MicroRNAs play important roles in gene expression, and miR-182 is a brain-specific miRNA, which plays a critical role in ischemia-related neuronal injuries. 25, 26 Using the bioinformatics software, the target genes of miR-182 were predicted. Totally, there are 1310 transcripts, including those in 1515 conservative binding sites and 558 relatively poor conservative binding sites. APLN was a target gene for miR-182; the latter can specifically bind to the sequence in 3ʹ-UTR (795-801bp) of APLN gene ( Supplementary Figure 3) . Dual-Luciferase reporter gene system was used to verify the interaction of miR-182 and APLN gene. MiR-182
Bcl-2 β-actin mimics plus control (group A), APLN wide-type gene (group B), or mutated gene in miR-182 binding site (group C) reporter vectors were transfected into neurons. The luciferase activity of neurons in group B was significantly lower than those in groups A and C (both P < 0.05) ( Figure 4 ). Furthermore, there was no significant difference between groups A and C regarding luciferase activity. qRT-PCR showed that the expression of miR-182 increased significantly in the miR-182 mimics group and decreased in the miR-182 inhibitor group, which suggested the success of regulation of miR-182 expression ( Figure 5A ). mRNA of the APLN gene was significantly lower in the miR-182 mimics group and higher in the miR-182 inhibitor group than in the control group ( Figure 5B) . The influence of miR-182 on APLN protein expression was also confirmed by Western blotting (Figure 5C and D). These results suggested the direct binding effect of miR-182 to APLN gene and the negative regulation of APLN gene expression by miR-182.
miR-182 Negatively Impacts the Neuroprotective Effect of APLN
Whether the regulation of APLN gene expression by miR-182 could impact neurons was subsequently determined. Neurons of epilepsy model treated with miR-182 inhibitor showed significantly lower apoptosis rate than those treated with control and miR-182 mimics ( Figure 6A and B) . Down-regulation of miR-182 expression could significantly inhibit the expression of pro-apoptosis proteins, Bax, and caspase-3 and promote the anti-apoptosis protein (Bcl-2) expression ( Figure 7) . Such regulation effect was also confirmed by in vivo experiments ( Supplementary Figure 2 ).
Discussion
Neuronal injury or neuronal death is involved in multiple human diseases including epilepsy. 27 Although the possibility that isolated brief seizure may not induce cell death, severe and repetitive seizures can undoubtedly activate neuronal death progress. 28 It is well known that repeated brief seizures lead to progressive hippocampal neuron loss and spatial memory deficits. 29 It is debated whether neuronal injury is a cause or consequence of repeated seizures, but experimental data indicate that rats with seizure-induced hippocampal damage show prolonged episodes of recurrent seizures and more frequent severe epileptic seizures. 30 Furthermore, seizure-induced damage should be regarded not only as neuronal loss but also as adverse long-term behavioral and cognitive consequences. 31 Excitotoxicity is thought to be an important contributor for seizure-induced neuronal injury, in which excessive glutamatergic transmission leads to massive influx of calcium ions into cells, causing osmolytic stress and activation of cell death pathways, ultimately leading to the death of the neuron. 6 mGluR is expressed in key regions of the cortex and the thalamus and are known to regulate spike and wave discharges. 32 Up-regulation of mGluR1 mRNA and protein occurs in the hippocampus of different animal models of epilepsy, suggesting that it may be involved in the neuronal hyperexcitability, loss, and subsequent epileptogenesis at acute stages after status epilepticus or kindling. 23 Stimulation of group I mGluRs elicits epileptogenesis, while group I mGluR antagonist 2-methyl-6-(phenylethynyl)-pyridine prevents status epilepticus and subsequent neuronal loss and epileptogenesis. 23 Hence, targeting the cellular machinery via pharmacological or genetic ways for epilepsy control or treatment attracts tremendous interests in many studies.
APLN is a ligand of the APJ receptor that belongs to the G protein-coupled receptor family. 33 APLN and APJ are widely distributed in the body and play potential physiological roles in the cytoprotection of many internal organs. 33 In children with generalized epilepsy, APLN level could be significantly higher in the valproic acid (VPA) treatment group than in the control group, which suggested that VPA may play its role by regulating APLN expression. 34 In patients with drug-refractory temporal lobe epilepsy, the expression of APLN in the hippocampus and adjacent cortex was significantly higher than that in a normal control, which could also be observed in rats with lithium-pilocarpine-induced epilepsy. 35 Hence, a responsive increase of the APLN peptide level may be a protective mechanism against epilepsy. The neuroprotective effects of APLN in animals with epilepsy were also reported in two recent studies. 17, 18 In this study, we first explored the protective effects of APLN on neuronal injury in epilepsy. apoptosis of hippocampal neurons, but down-regulation of APLN expression did not obviously increase neuron apoptosis ( Figures 1B and 5B ). This suggested that other factors may contribute to the neuroprotective effects when APLN expression is low, and up-regulating ALPN expression was a potential intervention strategy for epilepsy. miRNAs, as non-coding RNAs, play a regulatory role at the post-transcriptional level and are related to a variety of diseases, providing a new intervention target for disease diagnosis and treatment. 19 As a specific brain miRNA, miRNA-182 is abundant in the adult and embryonic brain 25, 26 and participates in the transformation of neural stem cells to mature neural cells. 36 In the present study, we used a bioinformatics software to predict that APLN was a target gene for miR-182, a finding that was also confirmed experimentally using the dual-luciferase reporter gene system. Function experiments showed that miR-182 could inhibit the expression of APLN gene at both mRNA and protein levels. Upregulation of miR-182 could attenuate the protective effects of APLN on neuronal injury in epilepsy.
Conclusions
APLN mediated its protective effects against neuronal injury in epilepsy via regulating apoptosis-associated protein expression, inhibiting mGluR1 pathway, and increasing p-AKT level in neurons. Moreover, we Annexin V found that miR-182 could negatively regulate the expression of APLN and influence its neuroprotective effects. As a result, miR-182/APLN is a potential target for epilepsy control or treatment.
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